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Figure I TEM images of (a) CdSe nanocrystals and (b) CdSe nanorods. 
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Figure 2. TEM images of (a) Bi nanocrystals used as catalysts for solution-liquid-solid synthesis 

of CdSe nanowires as shown in (b). (0,11) Typical TEM images of as-synthesized CdSs 

nanowires. 
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Figure 3. Absorption spectra of CdSe nanocrystals in hexane (curve a) and in hydrazine 
in the presence of ZSmg/mL (N2H4)2ZnTe (curve b). 
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Figure 4. 
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Figure 5 
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METHOD FOR FABRICATING AN 
INORGANIC NANOCOMPOSITE 

TECHNICAL FIELD 

The present disclosure relates to fabricating an inorganic 
nanocomposite comprising at least one metal chalcogenide 
and at least one nanoentity (e. g., nanoparticle, nanorod, nano 
tetrapod, nanoWire and the like). The present disclosure also 
relates to methods for preparing ?eld-effects transistors, data 
storage media and photovoltaic devices comprising the inor 
ganic nanocomposites prepared according to this disclosure. 

BACKGROUND 

Nanometer-scaled composites provide the opportunity to 
combine useful attributes of tWo or more materials Within a 
single composite or to generate entirely neW properties as a 
result of the intermixing of the tWo components. Many useful 
biological composite materials, for example, can be found in 
Nature, including mollusk shells, teeth and bone. For 
instance, see I. D. Currey, J. Mater Educ, 9, 120 (1987) and 
H. A. LoWenstam and S. Weiner, On Biomineralizalion, 
Oxford University Press, NeW York, 1989. 

Mollusk shells, consist of highly organiZed laminated 
microstructures of aragonite CaCO3 crystals (With thickness 
of ~250 nm) separated by a thin (30-50 nm) layer of proteina 
ceous organic matter. The resulting strength and toughness of 
this brick and mortar structure is orders of magnitude higher 
than those for either of the constituents alone. The useful 
properties of this biological composite arise from the highly 
organized and appropriately proportioned combination of a 
hard brittle inorganic phase With a soft plastic organic phase, 
With strong interfacial bonding betWeen the tWo components. 
A second example, this time of a synthetic nanocomposite, 

can be found in polyimide chemistry. Polyimides are used for 
microelectronic applications because of their heat resistance, 
chemical stability, and superior electrical properties. In an 
effort to reduce the coe?icient of thermal expansion and the 
amount of moisture absorption, a small amount of clay (mont 
morillonite) is dispersed on a molecular level in the polymer. 
Only about 2 Weight percent addition of montmorillonite 
loWers the permeability coe?icients for various gases to less 
than one-half of the values for pure polyimide, While at the 
same time reducing the thermal expansivity. For example, see 
K. Yano, A. Usuki, A. Okada, T. Kurauchi, O. Kamigaito, J. 
Polym. Sci: ParZA: Polym. Chem., 31, 2493 (1993). 

These and other related molecularly-dispersed polymer/ 
layered silicate nanocomposites have been shoWn to achieve 
a higher degree of stiffness, strength, heat and ?ame resis 
tance, and barrier properties, With far less inorganic content 
than comparable glass (or mineral) reinforced “?lled” poly 
mers as a result of the molecular scale interaction betWeen the 
tWo components. 

Another example of a nanometer-scaled composite is a 
nanocomposite of nanoparticles and conjugated polymers, 
designed to achieve composition-tunable optical constants 
for use in semiconducting photonic structures. The 550-nm 
Wavelength in-plane refractive index of poly(p-phenylenevi 
nylene)-silica composites can, for example, be tailored over 
the range of 1.6 to 2.7 using this approach, alloWing the 
fabrication of ef?cient distributed Bragg re?ectors and 
Waveguides. See, for instance, P. K. H. Ho, D. S. Thomas, R. 
H. Friend, N. Tessler, Science, 285, 233 (1999). 

Inorganic nanoparticles dispersed in conducting polymers 
have also been formed into nanocomposites With potentially 
useful colloidal stability, optical, dielectric, magnetic suscep 
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2 
tibility, electrochromic and catalytic properties. For example, 
see R. Gangopadhyay, A. De, Chem. Mater, 12, 608 (2000). 
H. J. Snaith, G. L. Whiting, B. Sun, N. C. Greenham, W. T. S. 
Huck, R. H. Friend, NanoLezL, 5, 1653 (2005). 

While the above examples are predominantly organic-in 
organic nanocomposites, strictly inorganic nanocomposites 
are also expected to be of high utility. As for the organic 
inorganic hybrids, useful properties can be expected as a 
result of the nanometer scale integration. Strictly inorganic 
nanocomposite are expected to be particularly desirable com 
pared to organic-inorganic hybrids because of the improved 
thermal and mechanical stability of the composite, as Well as 
the potential for much better electrical transport characteris 
tics (e.g., carrier mobility). 

In addition to obtaining inorganic nanocomposites With 
useful properties, it is desirable to be able to process the 
nanocomposites into useable forms using relatively loW-cost 
and high throughput fabrication techniques. For electronic 
applications, thin ?lms are commonly the targeted form and 
solution-based techniques such as spin coating, stamping, 
drop casting, doctor blading or printing are all ideal examples 
of potentially loW-cost high-throughput processes. Unfortu 
nately, mo st bulk inorganic semiconductors of interest are not 
soluble in common solvents. Recently, hoWever, inventors of 
the present application have demonstrated a solution-pro 
cessing technique for the deposition of high-mobility metal 
chalcogenide ?lms using hydrazine or hydrazine/Water mix 
tures as the solvent. For example, see US. Pat. No. 6,875,661, 
MitZi et al. Nature, 428, 299 (2004) and MitZi, J. Mater. 
Chem, 14, 2355 (2004). 
The process involves forming soluble hydraZine-based 

precursors of targeted metal chalcogenide semiconductors 
(typically SnS2_xSex), spin coating ?lms of the precursors, 
and thermally decomposing the precursor ?lms at loW tem 
perature to form the desired continuous metal chalcogenide 
?lms. Additionally, n-type indium(III) selenide ?lms have 
been spin-coated, using the corresponding hydraZinium pre 
cursor and mixed ethanolamine/DMSO solvents. See MitZi et 

al., Adv. Mater., 17, 1285 (2005). 
Thin-?lm ?eld-effect transistors (TFTs) have been con 

structed, based on the solution-deposited semiconducting 
chalcogenides, yielding n-type channels With electron 
mobilities in excess of 10 cmZ/V-s, approximately an order of 
magnitude better than previous results for spin-coated semi 
conductors. 

Nanoparticles and other nanoentities also provide an 
exceptional degree of electronic and structural ?exibility, pri 
marily exempli?ed by the ability to continuously tailor the 
siZe of the particles and therefore, via quantum con?nement 
effects, the electronic properties of the particles. The elec 
tronic and boundary properties of the particles can also be 
controlled by employing a core-shell approach for fabricating 
the nanoparticle Wherein the core of the nanoparticle is a 
different material than the outer shell. See Cao et al., J Am. 
Chem. Soc, 122, 9692 (2000). Additionally, nanoentities of 
different shape can be fabricated, ranging from spheres, to 
rods, Wires and tetrapods. See Manna et al. J. Am. Chem. Soc, 
122, 12700 (2000). Typical tetrapod-shaped nanocrystals 
contain at least four arms. The shape includes a nuclei With 
arms groWing out of each of the four (1 1 1) equivalent faces. In 
some con?gurations, arms of the tetrapod have branches 
groWing in the vicinity of their ends. Different functionaliZa 
tion of the nanoparticles can affect the dispersability of the 
nanoparticles in solvents and provides another degree of ?ex 
ibility. 
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SUMMARY OF DISCLOSURE 

This disclosure describes a process of distributing nanoen 
tities (nanorods, nanoWires, nanoparticles, nano-tetrapods) in 
hydraZine-based precursor solutions during solution process 
ing of ?lms. 

In particular, the process of the present disclosure com 
prises obtaining a solution of a soluble hydraZine-based metal 
chalcogenide precursor; dispersing a nanoentity in the said 
solution of the metal chalcogenide precursor; applying a solu 
tion of the precursor containing the nanoentity (a nanoentity 
is an inorganic chemical object With at least one dimension 
betWeen approximately 0.5-100 nm) onto a substrate to pro 
duce a ?lm of said precursor containing the nanoentity; and 
annealing the ?lm of the precursor containing the nanoentity 
to produce the metal chalcogenide nanocomposite ?lm com 
prising at least one metal chalcogenide and at least one 
nanometer- scale-intermixed nanoentity on the substrate. 

The present disclosure also relates to ?lms produced by the 
above disclosed process. 

The present disclosure still further provides methods of 
preparing a solution-processed semiconducting composite 
?lm of metal chalcogenide and nanoentity that have the 
advantage of being loW cost. 

Useful properties can be expected as a result of the nanom 
eter scale integration of inorganic components. Several useful 
examples of inorganic nanocomposites include: 1) An inti 
mate netWork of n- and p-type semiconductors (With appro 
priate choice of band gaps and offsets). The resulting array of 
distributed p-n junctions Would be useful for solar cell and 
photodetector technology. In this example, it Would be most 
useful to have a nanocomposite in Which both n- and p-type 
components form a continuous netWork throughout the mate 
rial. 2) A nanocomposite comprised of discrete semiconduct 
ing islands might be useful for charge storage arrays for 
memory devices. 3) Desirable phonon scattering, resulting 
from the periodic grain boundaries in an appropriately-tai 
lored inorganic nanocomposite, may provide outstanding 
thermoelectric characteristics. In each of these examples, a 
strictly inorganic nanocomposite might be desirable com 
pared to an organic-inorganic hybrid because of the improved 
thermal and mechanical stability of the composite, as Well as 
the potential for much better electrical transport characteris 
tics (e.g., carrier mobility). The metal chalcogenide and 
nanoentity composites produced according to the present dis 
closure can be used in a variety of applications, including 
photovoltaic devices and solar cells, ?at panel displays, non 
linear optical/photo-conductive devices, chemical sensors, 
emitting and charge transporting layers in light-emitting 
diodes, thin-?lm transistors, channel layers in ?eld-effect 
transistors, photodetectors and media for optical and elec 
tronic data storage, including phase change media for optical 
and electronic data storage. 

Accordingly, the present disclosure also relates to a method 
of preparing a ?eld-effect transistor having a source region 
and a drain region, a channel layer including a semiconduct 
ing material, a gate region disposed in spaced adjacency to the 
channel region, an electrically insulating layer betWeen the 
gate region and the source region, drain region and channel 
layer Wherein the channel comprises a semiconducting ?lm 
of a metal chalcogenide and nanoentity composite; and 
Wherein the method comprises depositing the ?lm of the 
metal chalcogenide and nanoentity composite by obtaining a 
solution of a soluble hydraZine-based metal chalcogenide 
precursor; dispersing a nanoentity in the said solution of a 
precursor of the metal chalcogenide; applying a solution of 
the precursor containing the nanoentity onto a substrate to 
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4 
produce a ?lm of said precursor containing the nanoentity; 
and annealing the ?lm of the precursor containing the 
nanoentity to produce the metal chalcogenide nanocomposite 
?lm comprising at least one metal chalcogenide and at least 
one molecularly-intermixed nanoentity on the substrate. 
The present disclosure also relates to ?eld-effect transis 

tors obtained by the above method. 
Still other objects and advantages of the present disclosure 

Will become readily apparent by those skilled in the art from 
the folloWing detailed description, Wherein it is shoWn and 
described only the preferred embodiments, simply by Way of 
illustration of the best mode. As Will be realiZed, the disclo 
sure is capable of other and different embodiments, and its 
several details are capable of modi?cations in various obvious 
respects, Without departing from the disclosure. Accordingly, 
the description is to be regarded as illustrative in nature and 
not as restrictive. 

BRIEF DESCRIPTION OF DRAWINGS 

FIGS. 1a and 1b shoW TEM images of CdSe nanocrystals 
and CdSe nanorods, respectively. 

FIG. 2a shoWs TEM images of Bi nanocrystals used as 
catalysts for solution-liquid-solid synthesis of CdSe nanoW 
1res. 

FIGS. 2b, 2c and 2d shoW TEM images of CdSe nanoWires. 
FIG. 3 shoWs absorption spectra of CdSe nanocrystals 

dispersed in hexane (curve a) and in hydrazine in the presence 
of 25 mg/mL (N 2H4)2ZnTe (curve b). 

FIG. 4a shoWs a high-resolution TEM image of a nano 
composite prepared from CdSe nanorods and (N2H4)2ZnTe 
before annealing. 

FIG. 4b shoWs TEM images of nanocomposites prepared 
from CdSe nanorods and (N2H4)2ZnTe after annealing at 
250° C. for 20 min in nitrogen. 

FIG. 4c shows a TEM image of a ?lm of CdSe nanoWires in 
ZnTe matrix after annealing at 300° C. for 20 min in nitrogen. 

FIG. 4d shoWs a HRTEM image shoWing the interface 
betWeen CdSe nanoWire and ZnTe matrix. 

FIGS. 5a-5c shoW SEM images of (a) nanocomposite pre 
pared from CdSe nanorods and ZnTe precursor annealed at 
300° C. for 20 min in nitrogen; (b) nanocomposite prepared 
from CdSe nanoWires in ZnTe precursor (CdSe:ZnTe~l:l0 
by Weight) annealed at 250° C. for 20 min in nitrogen. (c) 
nanocomposite prepared from CdSe nanoWires in the ZnTe 
matrix (CdSe:ZnTe~l :l by Weight) annealed at 250° C. for 20 
min in nitrogen; 

FIG. 5d shoWs a high-resolution image of the nanocom 
posite shoWn in (c). The bright spots at the ends of some 
nanoWires are the nanoparticles of Bi catalyst. 

FIG. 6 is a PoWder X-ray diffraction pattern (CoKa radia 
tion, 1.789 A) of the nanocomposite prepared from CdSe 
nanorods and ZnTe matrix annealed at 300° C. for 20 min. 

FIG. 7a is a graph of drain current Id vs. source-drain 
voltage V ds at different gate voltages VG for a device With a 
channel comprised of CdSe nanoWires in a ZnTe matrix 
(CdSe: ZnTe~l :10 by Weight). 

FIG. 7b is a graph shoWing dependence of the drain current 
Id on the gate voltage VG at VDSIIOV for a device With a 
channel comprised of CdSe nanoWires in a ZnTe matrix 
(CdSe: ZnTe~l :10 by Weight). 

For FIGS. 7a and 7b channel length L:4 um, Width 
W:7400 pm. The ?lm is spin-coated at 1000 rpm onto a Si 
substrate With 100 nm thick SiO2 gate dielectric layer and 
annealed at 250° C. for 20 min. Bottom source and drain 
electrodes Ti/Au. 
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FIG. 8 is a photograph of solutions of CdSe nanocrystals in 
hydrazine in the presence of 0.05M (N2H5)2(N2H4)2In2Se4. 
The size of CdSe nanocrystals is ~3 nm (left cuvette) and ~5.2 
nm (right cuvette). 

FIG. 9 shoWs absorption spectra of CdSe nanocrystals 
dispersed in hexane (curves a) and in hydrazine in the pres 
ence of 0.05M (N2H5)2(N2H4)2In2Se4 (curves b). 

FIG. 10 shoWs transistor characteristics (drain current I d 
vs. source-drain voltage Vds at different gate voltages VG) for 
a device With a channel comprised of 5 nm CdSe nanocrystals 
in In2Se3 matrix (CdSe: In2Se3~1 :5 by Weight). The channel 
length and Width are L:10 um and W:1900 pm, respectively. 
The ?lm is spin-coated at 1000 rpm and annealed at 350° C. 
for 20 min. The gate dielectric is 100 nm thick SiO2. 

FIG. 11 shoWs dependence of drain current Id on the gate 
voltage VG at source-drain bias VDSII 0 V for a device With a 
channel comprised of 5 nm CdSe nanocrystals in an In2Se3 
matrix (CdSe:In2Se3~1:5 by Weight). Channel length L:10 
um, Width W:1900 pm. The ?lm is spin-coated at 1000 rpm 
and annealed at 350° C. for 20 min. The gate dielectric is 100 
nm thick SiO2. 

FIG. 12 shoWs a memory effect in a nanocomposite ?lm 
made of 5 nm CdSe nanocrystals in an In2Se3 matrix (CdSe: 
In2Se3~1 :5 by Weight). Drain current I dvs. source-drain volt 
age Vds at VG:20V measured 2 min after applying +50 V 
(open circles) or —50 V (solid squares) bias to the back gate 
electrode for 10 s. L:10 um, W:1900 um. The ?lm is spin 
coated at 1000 rpm and annealed at 350° C. for 20 min. The 
gate dielectric is 100 nm thick SiO2. 

FIG. 13 shoWs photocurrent generated in the nanocompos 
ite ?lm made of 5 nm CdSe nanocrystals in a In2Se3 matrix 
(CdSe: In2Se3 ~1 :5 by Weight) under illumination With broad 
band light source. L:10 um, W:1900 pm. This experiment 
employed a tWo-terminal device With a ?oating gate, Vds:30 
V. The ?lm is spin-coated at 1000 rpm and annealed at 350° C. 
for 20 min. Ti/Au bottom electrodes are employed. 

FIGS. 14a and 14b shoW typical TEM (a) and HRTEM (b) 
images of PbSe nanoWires capped With n-tetradecylphospho 
nic and oleic acids. 

FIGS. 1511, b and 0 show TEM images of nanocomposites 
formed from PbSe nanoWires and (N 2H4)2ZnTe (a) before 
and (b) after annealing at 250° C. for 20 min in nitrogen, and 
(c) high resolution TEM image of a fragment of PbSe nanoW 
ire-ZnTe nanocomposite material. 

BEST AND VARIOUS MODES 

The present disclosure relates to a method for fabricating 
an inorganic nanocomposite. 

The method comprises obtaining a solution of a soluble 
hydrazine-based metal chalcogenide precursor. The solution 
of the soluble hydrazine-based metal chalcogenide precursor 
can be prepared by dissolving a soluble hydrazine-based 
metal chalcogenide precursor in a solvent, With optionally an 
excess of chalcogen, to provide a solution of the metal chal 
cogenide precursor. It is understood, of course, that mixtures 
of metal chalcogenide precursors may be used, if desired, in 
the formation of the solution of the metal chalcogenide pre 
cursor. Additionally, the solution of a metal chalcogenide 
precursor may be formed by directly dissolving a metal chal 
cogenide, With optionally an excess of chalcogen, in hydra 
zine (i.e., Without ?rst isolating the hydrazine-based metal 
chalcogenide precursor). 

The hydrazine-based precursor may be isolated by any of 
the techniques described in US. Pat. No. 6,875,661; US. 
patent application Ser. No. 10/801,766, ?led Mar. 16, 2004 
and Ser. No. 11/055,976 ?led Feb. 14, 2005 or in Mitzi et al., 
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Nature, 428, 299 (2004) and Mitzi et al. Adv. Mater. 17, 1285 
(2005). In US. Pat. No. 6,875,661 andU.S. patent application 
Ser. No. 10/801,766, for example, a process Was described in 
Which the targeted metal chalcogenide semiconductor (more 
preferably, a main-group metal chalcogenide) is dissolved in 
hydrazine or a mixture of solvents containing hydrazine, pref 
erably in the presence of excess chalcogen (e.g., S or Se) to 
improve solubility. The resulting solution can be evaporated 
to yield a hydrazinium-based precursor, Which may be 
soluble in a variety of solvents including a hydrazine com 
pound or mixtures of a hydrazine compound With other sol 
vents. Additionally, in some cases, the precursor is soluble in 
selected amine-based solvents (such as mixtures of ethanola 
mine and DMSO). Suitable examples of solvents include, but 
are not limited to: hydrazine, ethanolamine, n-butylamine, 
n-propylamine, diethanolamine, alcohols, Water, DMF, 
DMSO and mixtures thereof. 
The hydrazine-based precursor may either be an ionic solid 

comprised of metal chalcogenide anions and hydrazinium 
cations or a more covalent compound comprised of an 
extended metal chalcogenide frameWork With covalently 
bonded hydrazine molecules. Examples of ionic precursors 
include (N2H5)4sn2s6’ (N2H4)3(N2H5)4Sn2Se6 and (N2H5)4 
Ge2Se6, Which each consist of dimers of edge-sharing MX44_ 
(MISn or Ge; XIS or Se) tetrahedra, separated by 
hydrazinium cations. An example of a covalent precursor is 
(N 2H4)2ZnTe. The precursor solution is formed by dissolving 
the precursor in an appropriate solvent as listed above. 

Examples of hydrazine compounds can be represented by 
the formula: 

Wherein each of R1, R2, R3 and R4 is independently hydro 
gen, aryl such as phenyl, a linear or branched alkyl having 1-6 
carbon atoms such as methyl, ethyl or a cyclic alkyl of 3-6 
carbon atoms; More typically, in this method, each of R1, R2, 
R3 and R4 is independently hydrogen, aryl, methyl or ethyl. 
Even more typically, the hydrazine compound is hydrazine, 
i.e., Where R1, R2, R3 and R4 are all hydrogens. 

In addition to the metal chalcogenide precursor or precur 
sors, the nanoentities must also be obtained or fabricated. For 
example, the nanoentity, such as nanoparticles, nanorods and 
nanoWires, With desired dimensions and optionally a core 
shell con?guration, can be prepared by various methods. For 
instance, nanoparticles are generally synthesized by methods 
such as colloidal synthesis, vapor-liquid-solid and related 
groWth techniques, sonochemical synthesis, synthesis in 
reverse micelles, laser pyrolysis and arc discharge. To date, 
colloidal synthesis alloWs obtaining nanoparticles of differ 
ent materials With the most precise control over particle size, 
shape, and monodispersity. The size of the particles is con 
trolled by choice of surfactants (stabilizing ligands), precur 
sors, and reaction conditions (solvent, concentrations of pre 
cursors and stabilizing agents, temperature, etc.). The shape 
of the particles is controlled by tailoring groWth kinetics of 
different facets of crystalline nanoparticles. This can be 
achieved by selective adhesion of organic molecules to a 
particular crystal facet or by groWth With elimination of high 
energy facets [e.g.,Y. Yin, A. P. Alivisatos, Nature 2005, 437, 
664-670]. Core-shell con?guration is alloWed by sequential 
groWth via adding reagents (precursors) of the shell material 
to the colloidal solution containing nanoparticles of the core 
materials. Different surface functionalization provides to the 
nanoparticles solubility in desired polar or non-polar solvents 
and can introduce speci?c a?inity to certain types of surfaces 
or organic and biomolecules. 
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The nanoentites are then dispersed in the hydrazine-based 
precursor solution. This can be accomplished by simply add 
ing the nanoentities to the precursor solution and stirring for 
an amount of time just suf?cient to put the nanoentities into 
solution. Typically the stirring process is carried out at room 
temperature. 

The hydraZine-based precursor solution containing the 
nanoentity is applied to a substrate. 

Typically, the substrate is fabricated from a material having 
at least one property selected from the following: thermally 
stable, i.e., stable up to about at least 300° C.; chemically inert 
toWards the metal chalcogenides; rigid or ?exible. Suitable 
examples include Kapton, silicon, amorphous hydrogenated 
silicon, silicon carbide (SiC), silicon dioxide (SiO2), quartz, 
sapphire, glass, metal, diamond-like carbon, hydrogenated 
diamond-like carbon, gallium nitride, gallium arsenide, ger 
manium, silicon-germanium, indium tin oxide, boron car 
bide, boron nitride, silicon nitride (Si3N4), alumina (A1203), 
cerium (IV) oxide (CeOZ), tin oxide (SnOZ), titania (TiOZ), 
Ta2O5, ZrO2, HfO2, Zinc titanate (ZnTiOZ), lead Zirconate 
titanate (PZT), a plastic material or a combination thereof. 
More typically, the metal substrate is a metal foil, such as, 
aluminum foil, tin foil, stainless steel foil and gold foil, and 
the plastic material more typically is polycarbonate, Mylar or 
Kevlar. 

Using high-throughput techniques such as spin-coating, 
stamping, drop casting, or printing, solutions are applied to 
the substrate and transformed into thin ?lms of the precursor 
containing the nanoentity. The substrates can be heated by 
placing on a hot plate, or in a box or tube fumace under an 
appropriate inert atmosphere such as nitrogen, forming gas or 
argon. Alternatively, the heating may take place by laser 
based annealing. Heating is performed at a temperature high 
enough and for a time long enough to enable complete 
decomposition of the hydrazine-based precursor but loW 
enough and for short enough time not to induce signi?cant 
diffusion among the components. Typically the heating is 
carried out at a temperature of about 100 to about 350° C. and 
for an amount of time from about 1 to about 60 min. 

The process of the present disclosure provides a number of 
advantages. For instance, dispersing the nanoentities in an 
inorganic matrix provides the potential of much better elec 
trical characteristics of the matrix With respect to comparable 
organic matrices (such as conducting polymers). In particu 
lar, the electrical mobility of the carriers (electrons and/or 
holes) can be orders of magnitude higher in a crystalline 
inorganic matrix compared With an organic matrix. In addi 
tion, the thermal stability of the composite can be much better 
than for an organic-inorganic nanocomposite because of the 
better thermal stability of the inorganic matrix. 

The inorganic nanocomposite has exceptional tunability. 
The inorganic matrix that is derived from the hydrazine-based 
precursor can be selected from among an array of chalco 
genide metals, semiconductors and insulators. Suitable 
examples include, but are not limited to: GeS, GeSe2, SnS2, 
SnSe2, Sb2S3, Sb2Se3, Sb2Te3, In2Se3, In2Te3, CuZS, HgSe, 
ZnTe and mixtures thereof. The chalcogenide matrix may 
either exhibit n-type or p-type electrical behavior. With regard 
to the nanoentity component, the nanoentity may be of vari 
ous siZe (to in?uence energy levels through quantum con?ne 
ment effects), shape (e.g., spheres, rods, Wires, tetrapods), 
surface functionaliZation (to in?uence the ease With Which 
the nanoentities go into solution), material (for example, CdS, 
CdSe, CdTe, PbS, PbSe, PbTe, ZnS, ZnSe, Bi2S3, Bi2Se3, 
Bi2Te3, HgS, HgSe, HgTe, InP, InAs, Co, Fe, FePt, and core/ 
shell CdSe/ZnS, CdSe/CdS, InP/CdSe, InP/ZnS, InP/ZnSe, 
InAs/CdSe, InAs/ZnSe and combinations thereof). By choos 
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8 
ing nanoparticles (spheres) or nanorods versus nanoWires and 
by selecting the concentration of the nanoentity in the inor 
ganic matrix material, it is possible to in?uence Whether the 
nanoentities form an extended netWork or an array of isolated 
nanoentities in the ?nal nanocomposite. 

The process alloWs for potentially loW-cost, very high 
throughput deposition of inorganic nanocomposites, Without 
the requirement of vacuum conditions or specialiZed CVD 
reactors. The solution-processing technique is also a rela 
tively loW-temperature process and is compatible With 
selected hi gher-temperature ?exible plastic substrate materi 
als, such as Kapton and other polyimide-based plastics. 
The processes described herein are useful in forming semi 

conductor ?lms for applications including, for example, thin 
?lm transistors (TFTs), light-emitting devices (LED’s), data 
storage media, photovoltaic devices and solar cell devices. 
The present disclosure provides a thin ?lm ?eld-effect 

transistor (FET) having a ?lm of a nanocomposite material, 
based on a solution-processed metal chalcogenide material 
containing a nanoentity, as the active semiconducting layer. 
The present disclosure provides a method of preparing an 
improved ?eld-effect transistor of the type having a source 
region and the drain region, the channel layer including a 
semiconducting material, a gate region disposed in spaced 
adjacency to the channel layer, an electrically insulating layer 
betWeen the gate region and the source region, drain region 
and channel layer, Wherein the method includes: 

preparing a channel layer including a ?lm of a solution 
processed metal chalcogenide semiconducting material con 
taining a nanoentity by the method disclosed above. 

In one embodiment, the source region, channel layer and 
drain region are typically disposed upon a surface of a sub 
strate, the electrically insulating layer is disposed over the 
channel layer and extending from the source region to the 
drain region, and the gate region is disposed over the electri 
cally insulating layer, for example, as shoWn in FIG. 4 of the 
Us. Pat. No. 6,180,956, the disclosure of Which is incorpo 
rated herein by reference. 

In another embodiment, the gate region is disposed as a 
gate layer upon a surface of a substrate, the electrically insu 
lating layer is disposed upon the gate layer, and the source 
region, channel layer, and drain region are disposed upon the 
electrically insulating layer, for example, as shoWn in FIG. 3 
ofthe previously incorporated U.S. Pat. No. 6,180,956. 
The metal chalcogenide semiconducting material contain 

ing a nanoentity may be in the form of a thin ?lm, in Which the 
metal chalcogenide semiconducting material is a polycrys 
talline material, potentially having a grain siZe equal to or 
greater than the dimensions betWeen contacts in the semicon 
ductor device. Accordingly, the present disclosure can pro 
vide an improved ?eld-effect transistor prepared by the afore 
mentioned method. 

Photovoltaic cells might be constructed, incorporating the 
various methods of this disclosure, by layering the metal 
chalcogenide-based nanocomposite With other materials to 
form a tWo terminal, sandWich- structure device. For example, 
one could form an active layer comprised of a p-type metal 
chalcogenide matrix interspersed With n-type nanoWires, 
thereby resulting in a distributed p-n junction throughout the 
layer. The metal-chalcogenide-based nanocomposite Would 
be sandWiched betWeen a metal contact, such as Mo or Al, 
Which is supported on a rigid or ?exible substrate (e. g. glass, 
metal, plastic), and a transparent top contact such as doped 
TiO2, indium tin oxide, ?uorine-doped tin oxide or antimony 
doped tin oxide. 

Alternatively, the cell could be constructed in the reverse 
order, using a transparent substrate (e.g. glass or plastic) 
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supporting a transparent conducting contact (such as doped 
TiO2, indium tin oxide, ?uorine-doped tin oxide or antimony 
doped tin oxide). The metal-chalcogenide-based nanocom 
posite Would then be deposited on this coated substrate and 
covered With the back contact (such as Al, Mg, Ca, Ag, Mo or 
Au). In either case, the metal-chalcogenide-based nanocom 
posite (“absorber”) layer Would be deposited by the methods 
described in this disclosure. 

The following non-limiting examples are presented to fur 
ther illustrate the present disclosure. 

Example 1 

Nano-Composite Materials Prepared from CdSe 
Nanocrystals, Nanorods or NanoWires and 

(N 2H4)2ZnTe Soluble ZnTe Precursor 

Step 1: 
The hydrazine-soluble molecular ZnTe precursor (N 2H4)2 

ZnTe is synthesized according to the literature method [Mitzi, 
D. B.; Inorg. Chem,; 2005; 44; 7078]. 

Step 2: 
CdSe nanocrystals capped With hexadecylamine, trio 

ctylphosphine oxide and trioctylphosphine (HDA-TOPO 
TOP) ligands are synthesized according to the literature 
method [Talapin, D. V.; Rogach, A. L.; KornoWski,A.; Haase, 
M.; Weller, H. Nano Letters 2001, 1, 207.]. The nanocrystals 
are thoroughly Washed from the excess of stabilizing ligands 
by several precipitation/redissolution steps and stored either 
as a poWder or as a solution in hexane. TEM image of CdSe 
nanocrystals is shoWn in FIG. 1A. 
CdSe nanorods capped With octadecylphosphonic acid, 

trioctylphosphine oxide and trioctylphosphine ligands are 
synthesized according to the literature methods [D. V. Tal 
apin, E. V. Shevchenko, C. B. Murray, A. KomoWski, S. 
Forster and H. Weller. J. Am. Chem. Soc. 2004, 126, 12984]. 
A TEM image of the CdSe nanorods is shoWn in FIG. 1b. 
CdSe nanoWires capped With octanoic acid, trioctylphos 

phine oxide and trioctylphosphine ligands are synthesized by 
a solution-liquid-solid technique using Bi nanocrystals as 
catalyst. 

Monodisperse Bi nanocrystals capped With hexadecy 
lamine (HDA) are synthesized by a novel high-temperature 
approach based on decomposition of Bi[N(Si(CH3)3)2]3 in 
the presence of 1,2-hexadecanediol as a mild reducing agent. 
In a typical recipe, 3 g HDA and 0.2 g 1,2-hexadecanediol are 
dissolved in 10 mL dioctyl ether and heated under vacuum to 
100° C. for 30 min to degas and dry the reagents. The 
degassed solution is heated to 210° C. under nitrogen atmo 
sphere and the bismuth stock solution is injected With vigor 
ous stirring. The bismuth stock solution is prepared by dis 
solving 200 mg Bi[N(Si(CH3)3)2]3 in 1 mL hexane. The color 
of the reaction mixture turns black after injection of the stock 
solution due to nucleation of Bi nanocrystals. The solution is 
kept at 190° C. for 5 min and then cooled rapidly to room 
temperature. Bi nanocrystals are precipitated from the crude 
solution by adding an ethanol:hexane mixture (~2:1 vol:vol), 
isolated by centrifugation and re-dispersed in chloroform. Bi 
nanocrystals canbe precipitated from the chloroform solution 
by adding methanol and redispersed in a desired solvent (e. g., 
hexane or octadecene). A typical TEM image of HDA-capped 
Bi nanocrystals is shoWn in FIG. 2a. 

HDA-stabilized Bi nanocrystals can be used as catalysts 
for solution-liquid-solid synthesis of II-VI and III-V semi 
conductor nanoWires [(1)Yu, H.; Li, J.; Loomis, R. A.; Gib 
bons, P. C.; Wang, L.-W.; Buhro, W. E.; J. Am. Chem. Soc; 
2003; 125; 16168. (2) Grebinski, J. W.; Hull, K. L.; Zhang, J.; 
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10 
Kosel, T. H.; Kuno, M.; Chem. Mater; 2004; 16; 5260. (3) 
Fanfair, D. D.; Korgel, B. A.; Cryst. Growth Des.; 2005; 5; 
1971.]. For the synthesis of CdSe nanoWires, a modi?ed 
method of Grebinski et at (2) is used, optimized for a Bi 
nanocrystal catalyst. In a typical recipe 3 g TOPO are mixed 
With 25 mg CdO and 0.23 mL octanoic acid and degassed at 
100° C. under vacuum for 30 min. This mixture is heated to 
330° C. to dissolve the CdO. The stock solution containing 
about 2 mg Bi nanocrystals and 25 umol of trioctylphosphine 
selenide in 1 mL octadecene is injected at 330° C. under 
vigorous stirring. The solution is kept at the injection tem 
perature for 3 min and rapidly cooled to the room tempera 
ture. Liquid Bi nanodroplets catalyze the groWth of CdSe 
nanoWires as shoWn in FIG. 2b. CdSe nanoWires are precipi 
tated from the crude solution by adding n-butanol and re 
dispersed in an appropriate solvent like hexane or chloro 
form. Typical TEM images of CdSe nanoWires are shoWn in 
FIGS. 20 and 2d. 

Step 3 
CdSe nanocrystals, nanorods and nanoWires do not form 

stable colloidal dispersions in neat hydrazine. HoWever, all 
these nanomaterials can be easily dispersed in hydrazine in 
the presence of 25 mg/mL (N 2H4)2ZnTe upon stirring at room 
temperature under nitrogen atmosphere. Formation of stable 
colloidal dispersions occurs quickly, usually during the ?rst 
hour of stirring. The absorption spectrum of about 5 nm CdSe 
nanocrystals in 25 mg/mL (N2H4)2ZnTe in hydrazine is 
shoWn in FIG. 3. The absorption spectrum of CdSe nanocrys 
tals in the presence of (N2H4)2ZnTe shoWs some deviations 
from the absorption spectrum of the same nanocrystals in 
hexane. These changes might be due to partial replacement of 
Se atoms at the nanocrystal surface With Te atoms from the 
solution. This process should generate type-II heterostructure 
nanocrystals With a characteristic long-Wavelength tail in the 
absorption spectrum [Kim, S.; Fisher, B.; Eisler, H.-J.; 
BaWendi, M.; J. Am. Chem. Soc.; 2003; 125; 11466]. 

Step 4: 
Nanocomposite ?lms are spin-coated from hydrazine solu 

tions containing CdSe nanocrystals, nanorods or nanoWires 
and (N 2H4)2ZnTe (as described above) on quartz or silicon 
Wafers With a layer of thermally groWn SiO2. To improve 
Wetting With hydrazine, the substrates are treated in H2SO4: 
H2O2 (4:1) solutions for 20 min (folloWed by a deionized 
Water rinse). Spin-coating is carried out under inert atmo 
sphere. The typical spinning conditions Were 1000 or 1500 
rpm (30 s) With ramp 1000 rpm/s. 

Step 5: 
Heating of (N 2H4)2ZnTe to 250° C. results in the release of 

hydrazine and the formation of the ZnTe phase With either 
cubic or hexagonal lattice [Mitzi, D. B.; Inorg. Chem.; 2005; 
44; 7078.]. Nanocomposite ?lms, prepared as described 
above and annealed at 250° C. or 300° C. for 20 min in an inert 
atmosphere, comprise nanocomponents (nanocrystals, nano 
rods or nanoWires) embedded into a crystalline ZnTe matrix. 
FIGS. 4 and 5 shoW typical TEM and HRSEM images of 
CdSe nanorods and nanoWires embedded into the crystalline 
ZnTe matrix. 
The poWder X-ray diffraction pattern of CdSe nanorods in 

a ZnTe matrix annealed at 300° C. for 20 min is shoWn in FIG. 
6. The peaks in the diffraction pattern correspond to the 
hexagonal (Wurtzite) phase of CdSe and ZnTe. It is dif?cult to 
deconvolute re?ections from the CdSe and ZnTe phases 
because of the small difference in the lattice parameters of 
CdSe and ZnTe and the broadened diffraction re?ections 
characteristic to nanometer scale crystallites. 
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Electrical Characterization: 
FIG. 7a shows ID- DS scans measured at different gate 

voltages for a ?lm of CdSe nanoWires in a ZnTe matrix 
(CdSe:ZnTe ~1 :10 by Weight) annealed at 250° C. for 20 min 
in nitrogen. FIG. 7b shows the dependence of the drain cur 
rent Id on the gate voltage VG at ?xed source-drain bias. The 
observed n-type gate effect shoWs that most of current in the 
CdSe nanoWire/ZnTe nanocomposite is carried through the 
n-type CdSe nanoWires rather than through p-type ZnTe 
matrix. 

Example 2 

A Composite Material Prepared from CdSe Nanoc 
rystals and (N 2H5)2(N2H4)2ln2Se4 Soluble ln2Se3 

Precursor 

Step 1: 
A 0.25M solution of(N2H5)2(N2H4)2ln2Se4 in hydrazine is 

prepared by dissolving 1 mmol ln2Se3 in 4 mL hydrazine in 
the presence of 1 mmol selenium at room temperature [D. B. 
Mitzi, M. Copel, S. J. Chey, Adv. Mater, 17, 1285 (2005)]. 
The colorless solution is ?ltered through a 0.2 pm PTFE ?lter 
and stored under nitrogen. 

Step 2: 
CdSe nanocrystals capped With trioctylphosphine oxide 

and trioctylphosphine (TOPO-TOP) ligands are synthesized 
according to the literature method [C. B. Murray, D. J. Norris, 
M. G. BaWendi; J. Am. Chem. Soc; 1993; 115; 8706.]. The 
nanocrystals are thoroughly Washed from the excess of sta 
bilizing ligands by several precipitation and redissolution 
steps and stored either as a poWder or as a solution in hexane. 

Step 3: 
The CdSe nanocrystals are easily dispersed in the hydra 

zine solution of (N 2H5)2N2H4)2n2Se4, forming a stable col 
loidal solution. The color of the solution is determined by the 
absorption spectrum of CdSe nanocrystals and varied from 
yelloW for ~3 nm CdSe nanocrystals to dark broWn for larger 
~5 nm CdSe nanocrystals (FIG. 8). 

The absorption spectra of CdSe nanocrystals dispersed in 
hexane and in a solution of (N2H5)2N2H4)2ln2Se4 in hydra 
zine are compared in FIG. 9. The peaks in the absorption 
spectra of the hydrazine solutions coincide Well With the 
excitonic absorption features of corresponding quantum-con 
?ned CdSe nanocrystals. This demonstrates that CdSe nanoc 
rystals disperse in the hydrazine solution of (N2H5)2(N2H4)2 
ln2Se4 Without any changes in their size, shape and electronic 
structure. 

Step 4: 
Field-effect devices comprising nanocomposite ?lm of 

CdSe nanocrystals in ln2Se3 matrix are fabricated by spin 
coating the solutions of ~5 nm CdSe nanocrystals in hydra 
zine containing 0.05M (N2H5)2(N2H4)2ln2Se4 at 1000-1500 
rpm on highly-doped silicon Wafers With a 100 nm thick 
thermal silicon oxide gate dielectric. Bottom Ti/Au elec 
trodes are patterned on the silicon oxide by photolithography. 

Step 5: 
The ?lms are annealed at 350° C. for 20 min in a nitrogen 

atmosphere. 
Electronic Properties of CdSe Nanocrystals in ln2Se3 

Matrix. 
FIG. 10 shoWs ID- DS scans for different gate voltages VG 

for a typical device. The gate voltage changed from 0 to 60V 
in steps of 20V. 

FIG. 11 shoWs the dependence of drain current Id on the 
gate voltage VG at ?xed source-drain bias. There is pro 
nounced hysteresis in the gate scans and characteristic and 
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12 
reproducible sWitching effects. Similar behavior can be 
observed for close-packed arrays of hydrazine-treated CdSe 
nanocrystals. 
Memory Effect: 
Hysteresis in the gate voltage scans can be employed in a 

novel type of solution-processed memory device. Conduc 
tance of the nanocomposite CdSe/ln2Se3 ?lm depends on the 
history of voltage applied to the gate electrode. FIG. 12 shoWs 
the loW-bias parts of the lD-VDS curves recorded ~2 min after 
positive and negative pulses of gate voltage for the same 
device. Depending on the polarity of previously applied pulse 
of gate voltage, the loW-?eld conductance of the CdSe nanoc 
rystals/InZSe3 ?lm varies by more than an order of magnitude, 
thus alloWing “on” and “off ’ states of a nanocomposite-based 
memory cell. 

Optoelectronic Effect: 
Current through the ?lm of CdSe nanocrystals in an ln2Se3 

matrix can be modulated by light (FIG. 13), thus demonstrat 
ing applicability of solution-processed inorganic nanocom 
posites in photodetectors and photovoltaic cells. 

Example 3 

A Composite Material Prepared from PbSe 
NanoWires and (N2H4)2ZnTe Soluble ZnTe precursor 

Step 1: 
The hydrazine-soluble molecular ZnTe precursor (N 2H4)2 

ZnTe is synthesized according to the literature method [Mitzi, 
D. B.; Inorg. Chem; 2005; 44; 7078.]. 

Step 2: 
PbSe nanoWires capped With n-tetradecylphosphonic and 

oleic acids are synthesized as described in YOR9-2004 
0429US2. The typical TEM and HRTEM images are shoWn 
in FIG. 14. 

Step 3: 
PbSe nanoWires can be dispersed in hydrazine in the pres 

ence of 25 mg/mL (N 2H4)2ZnTe, forming a stable colloidal 
solution after several days of stirring at room temperature 
under nitrogen atmosphere. 

Step 4: 
Nanocomposite precursor ?lms are spin-coated from a 

hydrazine solution containing PbSe nanoWires and (N 2H4)2 
ZnTe (as described for Example 1). FIG. 1511 shows a TEM 
image of the ?lm consisting of PbSe nanoWires embedded 
into a matrix of (N2H4)2ZnTe. 

Step 5: 
Annealing at 250° C. for 20 min converts (N2H4)2ZnTe 

into ZnTe. Annealed PbSe/ZnTe composite materials consist 
of crystalline nanoWires and nanorods With diameters much 
larger than the diameters of initial PbSe nanoWires (FIGS. 
15b, 15c). 
Examples of some other speci?c systems pursuant of this 

disclosure are: 

Nano-Composite Materials Fabricated from Mixtures of 
(N 2H4)2ZnTe With: 
CdTe nanocrystals capped With octadecylphosphonic acid, 

trioctylphosphine oxide and triocetylphosphine. 
PbSe nanocrystals capped With oleic acid and trioctylphos 

phine. 
PbTe nanocrystals capped With oleic acid and trioctylphos 

phine 
Nano-Composite Materials Fabricated from Mixtures of 

(N2H4)2(N2H5)2In2Se4 With: 
CdTe nanocrystals capped With octadecylphosphonic acid, 

trioctylphosphine oxide and trioctylphosphine 






